The stress response system is disrupted in individuals with major depressive disorder (MDD) as well as in those at elevated risk for developing MDD. We examined whether DNA methylation (DNAm) levels of CpG sites within HPAaxis genes predict the onset of MDD. Seventy-seven girls, approximately half (n = 37) of whom were at familial risk for MDD, were followed longitudinally. Saliva samples were taken in adolescence (M age = 13.06 years [SD = 1.52]) when participants had no current or past MDD diagnosis. Diagnostic interviews were administered approximately every 18 months until the first onset of MDD or early adulthood (M age of last follow-up = 19.23 years [SD = 2.69]). We quantified DNAm in saliva samples using the Illumina EPIC chip and examined CpG sites within six key HPA-axis genes (NR3C1, NR3C2, CRH, CRHR1, CRHR2, FKBP5) alongside 59 genotypes for tagging SNPs capturing cis genetic variability. DNAm levels within CpG sites in NR3C1, CRH, CRHR1, and CRHR2 were associated with risk for MDD across adolescence and young adulthood. To rule out the possibility that findings were merely due to the contribution of genetic variability, we re-analyzed the data controlling for cis genetic variation within these candidate genes. Importantly, methylation levels in these CpG sites continued to significantly predict the onset of MDD, suggesting that variation in the epigenome, independent of proximal genetic variants, prospectively predicts the onset of MDD. These findings suggest that variation in the HPA axis at the level of the methylome may predict the development of MDD.
Introduction
Major depressive disorder (MDD) is among the most prevalent of all psychiatric disorders, affecting~9% of adult women each year 1 . MDD is also characterized by high recurrence rates and functional impairment 2, 3 , resulting in enormous personal and societal costs and burden 4 . In order to identify targets that can be used in approaches to prevent and/or treat MDD, investigators have worked to elucidate factors involved in the etiology of this disorder. In this context, research in behavioral genetics has documented high heritability estimates for MDD, suggesting that a large proportion of risk for depression is attributable to genetic factors 5 . Indeed, consistent with this formulation, children of depressed parents are at significantly higher risk for developing MDD than are offspring of non-affected parents 6 . Authors who reported on the largest genome-wide association study of MDD concluded that the disorder results from a "complex process of intertwined genetic and environmental effects 7 ." Indeed, children of depressed parents not only shared increased genetic risks for this disorder, but also experienced environmental factors that may increase their risk for developing MDD, including exposure to stress hormones in utero 8 and adverse caregiving environments during childhood 9, 10 . The intersection of these environmental and genetic risk factors can be captured, at least in part, by epigenetic markers [11] [12] [13] ; in fact, it has been suggested that epigenetic markers will prove to be stronger predictors of the development of depression than will genes alone 14 .
Multiple studies have documented gene by environment interactions in the prediction of depression and provide a compelling backdrop against which to examine epigenetic factors that influence the development of MDD 14 . In particular, researchers have posited that common polymorphisms in genes involved in hypothalamic-pituitary-adrenal (HPA)-axis functioning (i.e., genes for the glucocorticoid and mineralocorticoid receptors (NR3C1 and NR3C2, respectively), the corticotropin-releasing hormone (CRH), CRH receptors type 1 and type 2 (CRHR1 and CRHR2), and the FK506-binding protein (FKBP5)), contribute to variability in stress reactivity to increase risk for MDD [15] [16] [17] [18] . In the HPA-axis stress cascade, corticotropin-releasing factor (CRF) receptors 1 and 2 are primarily involved in the initiation and the termination of the stress response, respectively 19 , with CRHR2 having lower affinity for CRF 20 . Glucocorticoid receptor activation through high concentrations of corticosteroids functions as part of the negative feedback process within the HPA axis via actions on gene transcription 21 . Genetic variation in CRHR1 has been associated with depression following childhood maltreatment 22 , with a blunted cortisol response to stress 23 , and with the severity of psychotic depression 16 . CRHR2 has been associated in particular with stress sensitivity and anxious behavior 24 , although associations with psychiatric phenotypes have been weaker than is the case for CRHR1, possibly due to its role in modulating the CRHR1-mediated stress response 25 . Genetic variation in NR3C1 has been implicated both in the pathophysiology of depression 17 and in elevated cortisol and psychotic symptoms in MDD 16 ; in addition, DNA methylation (DNAm) at this gene has been linked to stressful life experiences and stress reactivity 26 .
DNAm is an epigenetic modification to the DNA sequence corresponding with gene expression, with the specific nature of the relation depending on the genomic context 27 . DNAm of loci within NR3C1 and FKBP5 have previously been linked to alterations in the functioning of the HPA-axis-mediated stress response [28] [29] [30] [31] [32] [33] . Moreover, DNAm is responsive to environmental input 28, 31, 34 and has been shown to interact with genetic variation to predict brain and behavioral outcomes 35, 36 ; thus, DNAm of HPA-axis genes may be an important signature of the biological impact of environmental exposures on the stress response system. Given that this system is disrupted not only in individuals with MDD 37 , but also in individuals who are at elevated risk for developing MDD 38 , DNAm of loci within HPA axis genes may be informative in identifying whom may go on to develop MDD.
In this longitudinal study of girls at familial risk for depression, we examined whether DNAm within specific HPA-axis genes can predict the subsequent onset of MDD. We recruited a sample of 9-to 14-year-old girls who themselves had no past or present diagnosis of MDD but who either were or were not at familial risk for depression [39] [40] [41] . We assessed and followed the girls prospectively into adulthood, or until they experienced their first depressive episode. Although some recent research has found no methylation sites that survived correction in relation to MDD 42 , several prior studies reported concurrent depressive symptoms and diagnoses were associated with DNAm using various approaches [43] [44] [45] [46] [47] . Given the biological relevance of HPA-axis function to risk for MDD, and that epigenetic variation may reflect combined genetic and environmental risks, we hypothesized that DNAm in CpG sites in HPA-axis genes assessed in early adolescence would predict the onset of MDD. In addition, given the theoretical and empirical work linking noninherited environmental factors to MDD 14, 48 , we hypothesized that DNAm levels would predict the onset of MDD over and above both common genetic variants in these HPA-axis genes and familial risk for MDD.
Materials and methods
Participants were recruited on the basis of being at high or low familial risk for depression by virtue of their mothers' history of MDD. Specifically, mothers either had experienced at least two episodes of MDD during their daughter's life or had no current or past diagnosis of MDD. For this study, daughters were included in the analyses only if they had no current or past MDD at the time the saliva sample was obtained for DNAm quantification. The 77 girls in this sample (Mage saliva sample = 13.06 years, SD = 1.52) included 37 at familial risk for MDD and 40 without familial risk; for this study of DNAm, these two subgroups of girls were selected both to be comparable in the age at which they gave their saliva sample and to include approximately similar cell sizes for a 2 × 2 design (familial risk; developed MDD). The majority of the girls reported their race/ethnicity as Caucasian (65%), followed by multiracial (8%), Asian (8%), Hispanic (6%), "Other" (6%), and African American (5%). Participants and their mothers completed diagnostic assessments about the daughter at regular intervals (approximately every 18 months) to determine the age of the daughter's first onset of MDD 49, 50 . All procedures were approved by the Stanford Institutional Review Board, and assent and informed consent were obtained from the participants and their parents, respectively.
Psychiatric interview
MDD was assessed using the Kiddie Schedule for Affective Disorders 51 ; both the participants and their mothers provided reports regarding the participants' mental health symptoms at the initial assessment. We conducted follow-up structured interviews approximately every 18 months, to assess whether daughters had developed MDD within the most recent interval (see ref. 50 ). When a participant met full diagnostic criteria for MDD, the age of onset of the first episode of MDD was ascertained and follow-up assessments ceased. Participants who endorsed no current or past MDD episodes were followed until early adulthood or we were unable to contact them.
DNA sample processing and DNAm microarray
Saliva samples were collected using Oragene kits (DNA Genotek, Inc., Ottawa, ON, Canada) and genomic DNA was extracted using the DNeasy Kit (Qiagen, Hilden, Germany). DNA samples were genotyped for 59 tagging single-nucleotide polymorphisms (SNPs) across NR3C1, NR3C2, CRH, CRHR1, CRHR2, and FKBP5 using iPlex reagents on a MassArray System (Agena Bioscience, Inc., San Diego, CA, USA), using standard conditions according to the manufacturer's protocol, or using a Taqman platform from Applied Biosystems (for SNP selection, see ref. 16 and Supplementary Table 1 for a list of SNPs and gene locations). Genotypes were verified to be in Hardy-Weinberg equilibrium and were coded as the number of minor alleles (0,1,2). DNAm assaying has been described previously 52 . Briefly, the EZ DNA Methylation Kit (Zymo Research, Irvine, CA, USA) provided bisulfiteconverted DNA for whole-genome amplification and enzyme fragmentation, then hybridized to a Methylatio-nEPIC BeadChip (Illumina, San Diego, CA, USA), a genome-wide platform that assesses over 850,000 CpG sites. Processed BeadChips were scanned on an Illumina HiScan and intensity values were imported into Geno-meStudio (Illumina, San Diego, CA, USA) for data quality assessment, color correction, and background subtraction. A data matrix was then exported as β-values representing percent DNAm ranging from 0 to 1 (0 = unmethylated, 1 = methylated). As described previously 53 , DNAm data were preprocessed to remove SNP probes, polymorphic probes, cross-hybridizing probes 54 , probes located on the X and Y chromosomes, and probes with missing values or detection p-values > 0.01. DNAm data were then normalized, corrected for technical batch effects and for the proportion of cell types (a mixture of buccal epithelial cells, and CD34 leukocytes were found to vary in saliva samples) using computational deconvolution 55 . Within the CpG sites in the six HPA-axis genes outlined above, we reduced our tested sites to variable CpGs ( Table 1 indicates the number of variable CpGs tested per gene), subsetting to probes in which the variability of β-values between the 10th and 90th percentile was > 5%.
Data analysis
All analyses used the full sample of participants (N = 77). First, we determined whether there were significant correlations between cis genetic variants and DNAm. As our goal was to control for genetic variability rather than to identify possible biological effects of SNPs, we applied principal component analysis to reduce the set of SNPs for each gene to a reduced number of uncorrelated components to use as covariates. This strategy maximally accounts for genetic variability and avoids using multiple correlated covariates in models.
Second, we examined DNAm as a predictor of MDD onset using Cox proportional hazards regression analysis, a type of survival model ideal for use with a quantitative predictor (i.e., DNAm). Survival analysis accounts for the time-to-event (age of MDD onset, in years) design. Participants were categorized as having developed MDD or not, and the time-to-event variable was the age of MDD onset or the age at the last assessment at which no current or past episode of MDD was reported. In the first round, we assessed in independent models which CpGs across candidate genes significantly predicted MDD, controlling for familial risk, ethnicity, and age. In the second round, we included as covariates principal components (PCs) generated from SNPs within each gene. As multiple test Hits based on a nominal p-value threshold (p < 0.01) correction using false discovery rate (FDR) is overly conservative when multiple CpG sites are highly correlated 56 , we applied a more liberal FDR threshold of <0.2.
Results
The associations begween cis genetic variants and DNAm are presented in Supplementary Fig. 1a-f . Multiple SNPs within each gene were significantly intercorrelated and were also moderately associated with CpG sites. Table 1 presents the CpGs, SNPs, and the number of PCs and hits identified in models (both without cis genetic variants and including SNP PC covariates) for each candidate gene.
Of the 77 participants in this study, 33 (43%) met the criteria for MDD over the follow-up period. Although we attempted to obtain a roughly equal distribution of girls who did and did not go on to develop MDD based on familial MDD risk, a greater proportion of girls at familial risk for depression (60%) developed MDD than did girls at low familial risk (29%; χ 2 (1) = 8.02, p = 0.005). As noted above, we included risk status as a covariate in our statistical models. Overall, onset of MDD occurred at a mean age of 15.45 years (SD = 1.56, range [11] [12] [13] [14] [15] [16] [17] [18] In our first round of models, in which genetic PCs were not examined, we identified seven CpG sites that significantly predicted onset of MDD at FDR adjusted p < 0.2, corresponding to a nominal p < 0.01, in NR3C1, CRH, CRHR1, and CRHR2. In a second set of analyses, in which we covaried for genetic variation using PCs, we found that these same CpG sites remained significant in the prediction of MDD. In addition, these analyses with genetic variation covaried identified three additional CpG sites in the same genes, indicating that six CpG sites significantly predicted the onset of MDD above and beyond the genetic variability. Supplementary Tables 2 and 3 show results for all models tested. The direction and approximate magnitudes of significant effect estimates were consistent between models in which we controlled for and did not control for proximal genetic effects.
To visualize the raw effect sizes of DNAm in association with depression, we plot the raw DNAm β-values for individuals with and without MDD for each significant CpG in Fig. 1 . As shown, in all but one site, DNAm is negatively associated with the onset of depression. The raw differences in β-values or "Delta Betas" are presented in Table 2 , as are Cohen's d calculations. Although these Delta Betas are considered small in the broader epigenetics literature, small effects have been validated in large cohorts and have been shown to have meaningful downstream associations with gene expression 57 . Example survival curves binned by DNAm levels, which visualize the data with regards to the full model (i.e., adjusting for covariates), are presented in Fig. 2a-d. In these examples, the curves show that "survival" probability (of no MDD onset) is lower when DNAm levels are below average and higher when DNAm levels are above average. In other words, these results suggest that lower levels of methylation are associated with greater odds of MDD onset.
In Table 3 we present the functional annotation information for all significant CpGs. In NR3C1, all four CpGs are located in the gene body, with two sites located in proximity to a transcription start site (TSS), one site associated with an enhancer element, one falling in a region of open chromatin, and two sites located within a transcription factor-binding site (TFBS) region. The CRH CpG is located on a CpG island shore in close proximity to a TSS and within a TFBS region. The two sites in CRHR1 are within an untranslated region, with one falling in both a region of open chromatin and TFBS region. Finally, the three sites in CRHR2 are all located within the gene body. Of these three sites, one also falls within a CpG island shore and is in proximity to a TSS, and a second is associated with an enhancer element.
Discussion
In the present study, we examined whether DNAm levels at loci within six genes that have been implicated in HPA-axis functioning (i.e., FKBP5, NR3C1, NR3C2, CRH, CRHR1, and CRHR2) prospectively predict the onset of MDD in a sample of 77 girls at low and high familial risk for MDD, who had no past or current MDD diagnosis at baseline. We found that DNAm levels within CpG sites in NR3C1, CRH, CRHR1, and CRHR2 were associated with risk for MDD across adolescence and young adulthood. Further, as variation in common SNPs from these genes may be responsible, at least in part, for these associations, we re-analyzed the data controlling for genetic variation and for familial risk for MDD. Importantly, methylation levels continued to be a significant predictor of the onset of MDD and additional CpG sites were identified as significantly associated with MDD, suggesting that noninherited factors (e.g., environmental factors) predict the onset of MDD through variation in levels of DNAm over and above the effects of genetic variation and familial risk. These data indicate that there are likely both genetic and epigenetic contributions to depression risk, but because of the modifiability of DNAm, epigenetic markers may be a more useful independent predictor of MDD risk.
Researchers have taken diverse approaches in examining patterns of DNAm that are associated with major depression; perhaps, not surprisingly, a wide range of findings have been reported. Most studies have found that the the CpG sites (using candidate and epigenome-wide approaches) associated with concurrent depressive symptoms or diagnosis [43] [44] [45] [46] [47] were characterized by lower levels of methylation (c.f., ref. 58 ). It should be noted, however, that the number and selection of CpG sites, the tissue assayed, and the covariates examined have varied considerably, possibly leading to inconsistent findings of the sites identified. Moreover, as methodological approaches improve to ensure rigorous testing of DNAm hypotheses (e.g., importance of considering the large contribution of cell type to DNAm patterns 59 ), focusing on theoretically motivated sites of interest is critical for both practical (i.e., reducing Type I and II errors) and programmatic (i.e., identifying possible targets for intervention) reasons 60 . A theoretically targeted approach that is based on specific genes or regions yields a tighter range of CpG sites that should be examined and simultaneously allows for greater specificity. We followed this approach of condensing a large search space by selecting, a priori, genes that have been linked to HPA-axis functioning and vulnerability to depression 16 , and by focusing only on variable sites. It is also critical to note that previous studies have examined the association between DNAm and concurrent depression. Given that DNAm levels have been found to be associated concurrently with psychopathology 61 , our approach of quantifying DNAm prior to the onset of MDD and prospectively assessing its predictive association with depression advances our understanding of the temporal relation between DNAm and depression. In previous research, investigators have predicted depression in the postpartum period from antenatal DNAm (focusing on loci at CpGs cg21326881 and cg00058938, in the promoter regions of the HP1BP3 and TTC9B genes, respectively) 62 ; in that study, however, the sample included a large percentage of women with a history of mood disorders, thereby reducing confidence in elucidating the directional nature of this association.
In addition to the advantage in the present study of being able to examine temporal directionality of DNAm associations, it is noteworthy that the majority of significant sites are located in proximity to functional elements in the genome, suggesting that our findings reflect meaningful biological differences in the regulation of the stress response. For instance, two sites fall within regions of an open chromatin; thus, given the accessibility of DNA to regulatory elements, they are likely to link to patterns of gene expression. In addition, multiple sites are in proximity to TSSs and enhancers, where DNAm levels may have implications for regulatory binding. Not surprisingly, given our focus on CpG sites characterized by sufficient variability in DNAm levels, we found all of our sites to fall within gene bodies or untranslated regions; no sites were within gene promoters. Gene promoters are most often unmethylated across an entire population of cells and, therefore, are so invariable that it is difficult to distinguish any small effect from the technicial variation of DNAm assays 59 . Typically, DNAm in gene promoters is negatively associated with gene expression and positively associated in gene bodies 27 . These assocations, however, are not straightforward and depend on tissue type, development, and nuances of genomic context (e.g., the abundance of particular transcription factors) 63 . In the present study we found associations within salivary DNA; these cells are only indirectly relevant to downstream effects of the central stress response. Nevertheless, even if DNAm is simply epiphenominal and variations appear downstream of a functional change and in other tissues, they may still be informative of biological history relevant to the etiology of MDD.
We should note five limitations of this study. First, we measured DNAm in saliva. Although some researchers have suggested that saliva and buccal epithelial cell samples are more relevant than blood samples in terms of concordance with brain tissue 55, 64 , saliva is not the primary tissue of interest for central regulation of the stress response. Moreover, saliva is one of the most accessible tissues for human (epi)genomics and our results provide preliminary evidence that patterns of DNAm in saliva are a biological predictor for the risk of MDD onset. Second, although the prospective design of this study allows us to examine predictors of MDD onset, it does not allow us to make mechanistic determinations; instead, these findings should be interpreted as informing our understanding of the etiology of MDD. Third, the present sample included only girls and only 77 individuals; replicating these findings in larger samples that also include males would increase our confidence that DNAm in these candidate gene loci predicts MDD and would confirm whether these findings are specific to females. Fourth, we used a targeted approach to examine DNAm levels. By focusing on CpG sites within six genes that function in the HPA axis, we used theoretically motivated selections (i.e., based on previous research linking MDD with the stress response system 16, 18, 49, 50 ) to develop an empirically informed hypothesis and narrow the search space. Although we controlled for common SNPs within these genes, other genetic variants across the genome may have trans effects on the DNAm sites we examined. Of course, other genes of interest are associated with MDD 7,65 , it is also important to consider other disorders (e.g., anxiety and eating disorders) as relevant outcomes. Our decision to follow participants only until they experienced their first depressive episode prevents us from being able to examine the development of other forms of psychopathology; moreover, given our growing understanding of potential latent factors that underlie many forms of psychopathology 66 , the links among genetic risk, methylation, and psychiatric symptoms are broader than we could capture here. Finally, we did not assess environmental contributors to the observed DNAm levels. It will be important in future research to examine potential environmental factors, pathways to levels of DNAm, and epigenome by environment interactions 67 .
Despite these limitations, this study is important in documenting that variation in DNAm levels within key genes of the HPA axis prospectively predict the onset of MDD. By demonstrating that epigenetic variation potentially linked to HPA-axis functioning is altered prior to the emergence of MDD in a manner that predicts the onset of MDD, the present study extends previous research linking anomalous HPA-axis functioning to depression. It will be important in future research to replicate these findings in a larger sample and to determine whether epigenetic variation in these markers are linked to biological byproducts of HPA-axis activity, including cortisol production both diurnally and in response to stress. Further, prospective assessments (i.e., repeated methylation assessments within individuals) paired with careful assessments of potential epigenetic modifiers (e.g., stressful life experiences; endogenous hormone production during puberty) and broad-based assessments of functioning would facilitate the detection of the timing, potential causes, and consequences of epigenetic changes in HPA axis and other genes. Identifying these potentially malleable risk factors for depression can inform the generation of targets that can be used to measure the impact of intervention and prevention efforts on biological factors that may mediate the relation between risk for depression and the onset of MDD. 
